A single-element, windowless InGaAs photodetector has been calibrated against a cryogenic radiometer using a diode-laser source of wavelength 1296.9 nm (standard uncertainty = 0.4 nm). This source differs from the gas lasers usually used with cryogenic radiometers in that the beam has an elliptical profile, is invisible to the naked eye, is not polarized, and is less spatially coherent. We describe the simple adaptations we have made to use this source with the cryogenic radiometer. In particular, we use a fibre-optic delivery system to prepare the beam, and an anti-reflection-coated window to admit the radiation. The relative uncertainty in this method of calibration is estimated to be 0.08 % (1 ). The measured response (0.9752 A/W) differs from that obtained from the existing laboratory scale by 0.08 %.
Introduction
Our current spectral-responsivity units in the nearinfrared spectral range (NIR) are based on absolute calibration of silicon detectors in the visible spectrum, transferred to the NIR by thermal detectors (bolometers). To reduce both the number of steps required to derive the NIR units and the uncertainty in the relative response of the bolometer (formerly considered to be up to 0.2 % at 1 ), we are changing the basis of our NIR responsivity units to InGaAs photodiodes [1] calibrated directly from a cryogenic radiometer. This is particularly important for the wavelengths 1300 nm and 1550 nm, which are commonly used in fibre-optic communications.
The first step in this process is the calibration of a single-element InGaAs photodiode (TD3) at 1300 nm, and the comparison of this result with our existing units. The TD3 photodiode is windowless, so that it can be used with accuracy in a coherent beam, and has a diameter of 10 mm which approximately matches the size of the active element of the cryogenic radiometer.
The beam for the calibration was generated by a diode laser, a source which differs significantly from the gas lasers normally used with cryogenic radiometers [2] . For the diode laser used in this work the beam is elliptical, not visible to the naked eye, of unstable and mixed polarization, and has a coherence length of only a few millimetres. We show that these limitations can be overcome with some simple modifications to the method of beam preparation and to the cryogenic radiometer. We prepare the beam using a length of optical fibre, and admit radiation to the radiometer by means of an anti-reflection-coated window. The detector calibration results are presented and a detailed list of the measurement uncertainties is derived. The response of TD3 is found to be 0.975 16 with a standard uncertainty = 0.000 81 A/W.* This result differs from the responsivity as determined from our existing scale by 0.08 %.
Beam preparation with a diode laser
The use of the cryogenic radiometer imposes strict limitations on the beam used in the calibration. The beam must fall within a diameter of 10 mm and must be highly collimated, since it must pass the narrow entrance aperture of the cryogenic radiometer which is about 500 mm in front of the detecting element. Alternative designs have been used to circumvent these requirements [3] but we consider such modifications to be unnecessary for diode-laser sources. The beam was prepared by coupling the diode laser into a single-mode fibre with a bare end. The radiation emerging from this fibre, approximately Gaussian in profile, was collimated with an objective lens (see Figure 1) . Adjusting the axial position of the lens changes the size and the degree of collimation of the beam at the detector.
An intermediate stage consisting of a length of fibre terminating in a standard (DIN) connector was used to allow removal of the diode laser. This connector allowed the diode laser to be replaced by a visible laser for the purpose of beam alignment. Although the fibre was not single-mode at the visible wavelength used (633 nm), and the optical properties of the lenses and windows were also different at this wavelength, the location of the beam centre was, to first order, the same. Hence, the 633 nm light could be used for lateral alignment. This was a particularly useful method for aligning the beam with the cavity of the cryogenic radiometer in the absence of a quadrant diode.
The beam profile was measured by scanning the distribution with a detector masked by a 30 µm diameter pinhole. The result of a 10 mm 10 mm (64 pixels 64 pixels) scan taken at the detector plane is shown in Figure 2 . When the beam is collimated, (Figure 2a ), the profile is smooth and approximately Gaussian. In Figure 2b the contrast has been enhanced logarithmically to show the weak structure around the beam. Although there is significant structure outside the main peak, nearly all of the beam falls within a 10 mm diameter. Lateral scanning of the cryogenic radiometer through the beam suggested that a positioning error of 1 mm would result in a relative error in responsivity of less than 0.025 % due to lost radiation. Figures 2c and 2d show the beam profile when the beam is focused at the detector plane.
Uncertainty budget
The uncertainties associated with the calibration of TD3 may be divided into two groups: those related to the cryogenic radiometer, and those related to TD3 itself. All of the uncertainties are listed in Table 1 . Our cryogenic radiometer is a commercial, open-cycle system (Oxford Instruments "Radiox") with a modified thermal sensitivity of 0.9 K/mW and a time constant of 11 s. The usual sources of uncertainty for use of this instrument with visible lasers are well documented [4] . Several uncertainties are independent of wavelength (nonequivalence and uncertainty in the electrical power measurements, for example) and are thus unchanged for 1300 nm. The cavity absorption was assumed to be 99.995 % and its relative uncertainty of 0.003 % was derived from the manufacturer's specifications. In the following subsections we restrict ourselves to a discussion of those uncertainties which are peculiar to the use of the diode laser. These uncertainties include the uniformity of TD3, the temperature dependence of its responsivity, the transmission loss in the window of the cryogenic radiometer, and the uncertainty in the wavelength of the diode laser.
Uniformity of TD3
The uniformity of the detector was investigated by scanning the detector through the focused beam shown in Figure 2c . This beam is approximately Gaussian, with a 1/e 2 beam radius = 0.72 mm. The result of the scan is shown in Figure 3 , where the detector responsivity is found to be within 0.25 % of the mean value across the whole sensitive surface. The presence of a dark patch in the upper-right quadrant is caused by a speck of dust, and is a useful indicator of the size of the probe beam.
A lack of uniformity increases the uncertainty of the calibration because the detector sensitivity depends on the beam profile and position. During calibration the beam was aligned as closely as possible with the centre of the detector. By calibrating the detector using different alignments and different beam profiles, we can estimate the uncertainty component related to the repeatability to be 5.2 10 -4 A/W for the beam profiles shown in Figure 2. 
Temperature dependence of TD3
Detector TD3 was calibrated against the cryogenic radiometer with TD3 operating at an ambient temperature in the range (22.9 ± 0.4) C (the calibration is described in Section 4). To determine the sensitivity of the absolute responsivity at 1297 nm to the detector temperature, the detector was mounted inside a network of heating resistors and a thermocouple was attached to the detector housing to measure the temperature of the detector casing. Using a source of incoherent radiation, the response ( ) of TD3 was compared with another InGaAs detector maintained at room temperature while the temperature of TD3 was varied by changing the current passing through the resistor network (each time allowing an hour for the temperature to stabilize). The results of the measurements are shown in Figure 4 along with a plot of the second-order polynomial that best fits the data: (1) where is the detector temperature in degrees Celsius. (A second-order polynomial was chosen arbitrarily; a linear fit is almost as good and also leads to a small 
Window transmission
When the radiation is polarized, a Brewster window can be used to admit radiation to the cryogenic radiometer. However, the radiation emerging from the single-mode fibre was only partially polarized and the direction of polarization varied with time. Since we could not use a Brewster window, we used an anti-reflection- coated window at normal incidence to the beam. The transmission of this window was determined by using TD3 to measure the ratio of power in the transmitted beam to the power in the incident beam. The detector was placed in the position where it was to be calibrated and the window was placed in approximately the same location as it would occupy if the cryogenic radiometer was in position. The detector signal was measured, then the window was removed and the signal measured again. This process was repeated ten times. To make sure that small differences in alignment were not significant, the window was positioned and aligned by hand each time. The transmission was assumed to remain the same when the cryogenic radiometer was evacuated (this is certainly the case for uncoated windows and visible radiation [5] ). For the collimated beam, the average window loss was 1.317 % ( = 0.017 %), and for the focused beam the average window loss was 1.346 % ( = 0.11 %). A small difference between these two values is expected because the two beams converge at different angles, so that their respective average angles of incidence on the window differ slightly. The magnitude of the loss is large for a coated window. We suspect that the loss is mostly due to reflection, because the anti-reflection coating is optimized for monochromatic radiation but the diode laser has a finite spectral width.
Wavelength and stability of the diode laser
The spectrum of the diode laser was investigated using an interferometric technique and a spectrum analyzer. The spectrum consists of several modes, each with a half-width of about 0.036 nm and separated by about 0.735 nm. The overall width of the distribution is about 8 nm, with an average wavelength of 1296.9 ( = 0.4 nm). This uncertainty is partly due to fluctuations in the mode structure of the diode laser. Only the average wavelength is important, however, because the response of TD3 is linear over the small range of wavelengths emitted by the diode laser. From measurements using a monochromator, the rate of change of the TD3 response as a function of wavelength is known to be about 9 10 -4 nm -1 at 1300 nm. The uncertainty in the wavelength thus corresponds with an uncertainty of 0.05 % in the responsivity of TD3.
We did not actively stabilize the laser output. However, diode lasers are inherently stable sources. We found that even without stabilization the total beam power was constant to within 0.02 % over a ten-minute period, the time it took to make two measurements with the cryogenic radiometer. Hence, we were able to measure the TD3 response between two absolute power measurements and compensate, to first order, for any drift in the laser power.
Calibration of TD3
Photodetector TD3 was calibrated using both collimated ( = 1.44 mm) and focused ( = 0.72 mm) beams, and nominal powers of 340 µW, 344 µW and 70 µW. Calibration was repeated on several days and after realigning the optics several times. The results are shown in Figure 5 , where they are grouped into "runs" of calibrations performed under the same conditions. The error bars in this figure show the standard deviation of the voltmeter readings used to determine the current produced by TD3, not the absolute uncertainty. The average responsivity of TD3 at 1297 nm is 0.975 16 A/W, with an absolute uncertainty of 0.000 81 A/W as determined in Table 1 . This result lies within 0.08 % of the responsivity as determined by the existing units, with a combined uncertainty in the comparison of 0.2 %.
Despite some variation, all the calibration results lie within about 0.07 % of each other. Note that the irradiance of the beam differs by about a factor of four between the collimated and focused beams, for the same total beam power. The spread in results could be due in part to nonlinearity of TD3 at the higher irradiance levels (note that the 366 µW beam produces the lowest responsivity). However, the spread is also consistent with the nonuniformity of TD3, given the small beam size, and hence further work is required to determine if the detector was being saturated by the high-irradiance beam. 
Conclusion
Photodetector TD3 has been calibrated using a cryogenic radiometer and a diode laser emitting at 1296.9 nm. We have adapted our cryogenic radiometer to work with this source with only minor changes -the principle adaptation being the use of an antireflection-coated window. The standard uncertainty in the calibration is 0.08 %, which is smaller by a factor of 2 than the uncertainty in our previous radiometric standard at 1300 nm. The measured response (0.9752 A/W) differs from that obtained from the existing laboratory scale by 0.08 % with a combined standard uncertainty in the two calibrations of about 0.2 %. The principle sources of uncertainty in the new method of calibration are the wavelength of the diode laser and the uniformity of TD3.
